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ABSTRACT 
At present scenario, renewable energy sources become an alternative source of energy for 
future energy demand and to mitigate environment pollution problems. Grid connected 
renewable energy source like wind energy system uses power electronics converters as an 
interfacing device between wind energy system and utility grid. These converters are 
commonly based on a voltage source inverter (VSI) connected to the supply network, 
operated to achieve objectives such as power flow regulation with unity power factor 
operation. However, intermittent nature of wind energy must be controlled to meet the grid 
requirements. The grid requirements include independent control of active & reactive power, 
improved power quality, grid synchronization and Good transient response during fault 
conditions etc. Usually voltage oriented control (VOC) of grid side converter in the 
synchronous reference frame was universally adapted for independent control of active and 
reactive power of the grid. However, the dynamic response during abnormal condition of grid 
is sluggish and poor power quality. In order to design controller for robust performance and 
to know the control characteristics, VSI needs to be accurately modelled. This project has 
taken an attempt to derive the small signal model of a single phase inverter in isolated mode 
and its performance with different controllers. Further, the work is  extended to modelling of 
three phase grid connected VSI and its relevant transfer functions have been deduced from 
the model so as to analyse the system performance for designing a controller through well-
known bode plots. The studied system is modelled and simulated in the MATLAB-Simulink 
environment. 
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CHAPTER 1 
1.1 Introduction 
 
Due to exponential growth of future energy demand and depletion of fossil fuels, 
renewable energy sources are playing a pivotal role in the today power scenario. Renewable 
energy sources include wind power, PV system, bio mass, wave energy and small hydro etc. 
Among all renewable energy sources, wind energy system is most promising source of 
energy due to economic viability [1]. 
Distributed generation (DG) based on renewable energy sources are basically small 
scale power generation units (typically ranges from 20 kW to 20 MW) and they are located at 
the end user without long distance transmission line. As a result, it reduces the transportation 
cost of generation and consumption points are close to each other. It is feasible to implement 
interfaces having ability to operate in grid connected as well as in isolated mode without grid 
connection which is called micro grids [2]. The basic structure of a Distributed Power 
Generation System (DPGS) is illustrated in Fig.1.1. 
 
Fig.1.1 General structure of Distributed Generation system 
The input to the DPGS can be sources like wind firm, solar panel, geothermal, tidal turbine, 
and small plants as portrayed in the above figure. Then back to back converters are connected 
so as to control the output voltage and frequency due to inconsistency of the input sources to 
meet the load or grid requirements Moreover, it provides bidirectional power flow between 
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the sources and grid. The role of input side converter is to extract the maximum power from 
the renewable source and to provide the power to grid side converter. The role of grid side 
converter is to control the power flow to the grid and to maintain the output voltage and 
frequency at the desired level. The system is synchronised with the grid through a filter 
known as grid filters. These filters require high switching frequencies to acceptably attenuate 
switching harmonics particularly in weak grid where the grid voltage is sensitive to load 
variations. In most cases control design for the three phase PWM inverter involves two steps 
and these are choice of modulation strategy which corresponds to open loop control and 
design of dynamic close loop control. However, reactive power control is one of the key 
issues to deal with in DPGS. From the investigation of the blackout occurred in U.S. and 
Canada in 2003 it was found that the cascaded outages of several transmission lines and 
generating units could have been avoided if controllable reactive power was available [3]. 
 This project has taken an attempt to derive the small signal model of a single phase 
inverter in isolated mode and its performance with different controllers. Further, the work is  
extended to modelling of three phase grid connected VSI and its relevant transfer functions 
have been deduced from the model so as to analyse the system performance for designing a 
controller through well-known bode plots. The studied system is modelled and simulated in 
the MATLAB-Simulink environment. 
 
1.2 Research Motivation 
 
In recent years availability of power in India has both increased and improved but 
demand has consistently outstripped supply and substantial energy and peak shortages 
prevailed in 2009-10. Due to economic viability wind energy has become promising source 
of renewable energy. Now India has become fifth in installed capacity of wind power plant. 
As of 31
st
 march the installed capacity of wind power in India was 17967MW [4]. But, as the 
wind is season and region based, it was not so reliable as long as Power Electronics had not 
been advanced much. Now-a-days the interface of Power Electronics has made wind energy 
system one of the reliable sources. Still there are some problems regarding stability and 
synchronization with utility grid, which has been improved by employing new control 
3 
 
algorithms to switch the PWM based voltage source inverter used in it. An attempt is initiated 
to improve the control of Grid side inverter in this project. 
 
1.3 Literature Review 
 
Grid connected inverter system employes different control algorithm in order to 
improve the over all system perfomance and the relevent control strategies are extensively 
studied in the available literature[1]-[18]. Average current control (ACC)  has been widely 
used for controlling DC/DC as well as single-phase power factor correction (PFC) converters. 
Compared to peak current control ACC has following advantages[5]. 
 Error is minimized as a high gain current error amplifier is used. 
 Large noise margin. 
 No need of external compensation ramp. 
 Easy current limit implementation. 
 Good tracking performance of Average current mode control. 
In order to design an average current control for an inverter, small signal modelling needs to 
be done which is based on average switched modelling [5]. In this technique manipulations 
are performed on the circuit rather than on its equations. The converter switches are replaced 
with voltage and current sources to obtain a time invariant circuit. Then the converter wave 
forms are averaged over one switching period to remove the undesired switching harmonics. 
Any non-linear elements present in the averaged circuit model can then be perturbed and 
linearized to represent small signal model [6]. In order to implement average current 
controller small signal modelling of inverter is required. This can be achieved by circuit 
averaging and as well as state space averaging. In [7] a state space averaging method is 
employed so as to get a small signal model. In [8] an average current mode controller is used 
to get equal current distribution in case of a resonant DC to DC converter. In average model 
of three phases inverter is proposed so as to reduce the current distributions in multi module 
Resonant dc to dc converter. However, in case of three phase grid connected inverter voltages 
and currents are usually transferred to rotating d-q reference frame for making design of 
controller easier because the current space vector in the rotating d-q reference frame is fixed, 
the PI controllers operate on dc, rather than sinusoidal signals. A new and simpler control 
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technique is being employed in a grid connected inverter without applying the d-q 
transformation as reported in [9] which achieves zero steady state error in the stationary 
reference frame. A new predictive control algorithm for grid-connected current-controlled 
inverters is being employed in [10] which combine a two-sample deadbeat control law with a 
Luenberger observer to estimate the future value of the grid currents. The resulting control 
offers robustness against the computational delay inherent in the digital implementation and 
considerably enhances the gain and phase margins of the previous predictive controls while 
maintaining the high-speed response of the deadbeat controllers. A novel control for voltage-
source inverters with the capability to flexibly operate in grid-connected and islanded modes 
was studied designed in [11] which are based on the droop method, which uses some 
estimated grid parameters such as the voltage and frequency and the magnitude and angle of 
the grid impedance. Hence, the inverter is able to inject independently controlled active and 
reactive power to the grid. The controller provides a proper dynamics decoupled from the 
grid-impedance magnitude and phase. The system is also able to control active and reactive 
power flows independently for a large range of impedance grid values. For controlling 
reactive power a new control strategy direct current d-q vector control has been proposed in 
[12] to overcome the shortage of the conventional vector control technique. Direct control 
technique differs from standard vector control technique in the generation of control variable. 
In the former case current is the tuned control variable and in latter case is the voltage. 
However, in almost all the cases of the control techniques of three phase grid connected 
inverter transformation to rotating co-ordinates have been employed but in [13] direct power 
control is followed which utilises a non-linear sliding mode control in order to reduce the 
instantaneous power error to zero and this does not necessitate transformation to rotating co-
ordinates. To design a controller for inverter transfer functions are to be derived and in order 
to accomplish that it is to be modelled. In [14] a single phase inverter in island mode is 
modelled as small signal model and then transfer functions are derived for designing an 
Average current controller (ACC) for it. A switching flow-graph (SFG) modelling technique 
[16] is used to build the large-signal model of a cascaded multilevel inverter. With the 
concept of virtual switch and virtual switching function proposed in SFG modelling 
technique, the large-signal SFG model of a cascaded multilevel inverter can be derived easily 
and without complex mathematic works. A novel control method, named weighted average 
cur-rent control (WACC), is proposed for damping control of a three-phase grid inverter with 
an LC filter [17]. In this method, the sum of partial inverter current and partial grid current is 
used as the feedback of the current control loop. By using WACC, three-phase current control 
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of the grid inverter can be well decoupled under synchronous rotating frame. Furthermore, 
the system transfer function is reduced from the third-order system to the first-order system. 
Consequently, the control loop gain and bandwidth can be increased, which improve the 
rejection capability to the back-ground grid voltage harmonics. 
 
1.4 Thesis Objectives 
 
        The ultimate aim of this study is to meet the following objectives: 
 To derive a small signal modelling of 1-Φ inverter and its transfer functions 
for designing controller. 
 To extend small signal modelling to 3-Φ grid connected inverter. 
 To derive transfer functions of modelled grid connected inverter and 
observe the effect of resonance from the bode plots. 
 To design a controller for three phase grid connected inverter based on 
derived small signal model. 
 
1.5 Thesis Organization 
 
The organisation of thesis is given as follows 
 CHAPTER 1 which describes the research motivation and related work done of proposed 
study.  Also it advises the objectives of the proposed study. 
CHAPTER 2 presents the modelling of 1-Φ inverter with LC filter and R-load which is 
based on the principle of perturb and observe. 
CHAPTER 3 presents the control loop design of the current and voltage control loop and the 
analysis has been done in order to observe the stability of the system by plotting Bode plots. 
Transfer functions of control loops are being deduced from the derived small signal model. 
An average current control is designed for the 1-Φ inverter and THD% of output voltages are 
compared by using PI voltage control and P+Resonant control technique. 
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CHAPTER 4 presents the modelling of 3-Φ grid connected inverter which involves two 
stages of modelling. One is power stage modelling and from the power stage model small 
signal model is derived which is based on same principle perturb and observe. 
CHAPTER 5 presents the control loop design for both voltage and current and also the 
transfer functions are derived for stability study. The effect of resonance was observed from 
the bode plot of control to grid voltage transfer function. A control strategy is developed with 
step responses of the controller for effectiveness of the study. 
CHAPTER 6 presents the simulation results which are being carried out in 
MATLAB/Simulink environment. 
CHAPTER 7 presents the conclusion of work done and scope of the future work followed by 
references. 
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CHAPTER 2 
2.1 Small Signal Model of 1-Φ Inverter 
 The main objective of studying small signal model is to predict low frequency 
component present in the output voltage [6]. The magnitude and phase of this component 
depend not only on the duty cycle variation but also frequency response of the converter. It is 
obtained by giving a deliberate perturbation around the operating point and then linearizing it 
at that point. The 1-Φ full bridge VSI system is illustrated in Fig.2.1. 
 
Fig.2.1 Schematic diagram of 1-Φ inverter to be modelled 
The inverter in the above figure is being modelled and analysed with LC filter on the load 
side which considers R as load.  
Let‟s consider 
    is Supply dc voltage 
   ,   ,   ,    are switches 
L is filter inductance 
   is damping resistor 
C is filter capacitor 
R is load resistance 
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The main purpose of using the damping resistor is to damp out the oscillations occurring due 
to the use of LC filter resonance.  
Case 1 
When switches    and    are ON, then circuit is shown in Fig.2.2. 
 
Fig 2.2 Equivalent circuit when switches    and    are ON 
Applying KVL in Fig 2.2   
 L
   
  
 =     -                                                                                                                         (2.1) 
And  
   =        
C
   
  
 =    - 
  
 
                                                                                                                          (2.2) 
Case 2 
When switches   &   are ON, the resultant circuit will be as shown in Fig.2.3. 
 
Fig.2.3 Equivalent circuit when switches    and    are ON 
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By applying KVL in the above circuit 
L
   
  
                                                                                                                           (2.3) 
And 
   =         
C
   
  
 =      
  
 
                                                                                                                 (2.4) 
Let‟s consider average value of the inductor current and capacitor voltage over a switching 
period   . 
═˃ L
       
  
               
                                                                  (2.5) 
Where d= duty cycle            
And  
       
  
 =d.    
  
 
     
      
  
 
                                                             (2.6) 
Let‟s define an operating point as follows 
Duty cycle = D 
Input voltage =    
Output voltage =    
Capacitor voltage=    
Inductor current=    
Source current =    
In order to design a small signal model we will have to consider a small perturbation along 
with its steady state values. 
               ̂ 
            ̂ 
         ̂ 
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            ̂ 
            ̂  
Putting above values in equation (2.5) and (2.6)  
 
       ̂ 
  
 (   ̂)  {       ̂       ̂}  (     ̂)  {         ̂       ̂}(2.7) 
On simplification the equation (2.7) gives rise to multiplication of steady state value terms 
along with linear and non-linear terms. Multiplication of perturbation terms can be neglected 
as its results are very small. So resulting expression would be 
 
   ̂
  
          ̂      
    ̂      ̂ = (2D-1)   ̂          ̂       ̂            (2.8) 
Similarly  
 
   ̂
  
         ̂  
  ̂
 
     ̂                                                                                          (2.9)  
From the equations (2.8) & (2.9) small signal model of the inverter is derived and is depicted 
in Fig.2.4. 
 
Fig 2.4 Small signal model of 1-Φ inverter 
From Fig 2.4 it can be observed that a small signal ac current   ̂ is drawn by the inverter out 
of the input voltage source    ̂. As the concerned VSI of bridge type configuration the duty 
cycle is (2D-1). The term         ̂ is dependent on the inductor current variation   ̂ and is 
represented by a dependent source. The term   ̂   is driven by the control variations and is 
modelled by an independent source. This is an equivalent circuit that models the low 
frequency small signal variations in the inverter waveforms and it can be solved to using 
conventional linear circuit analysis techniques to find the inverter transfer functions.  
vdcˆ I Ldˆ2
 i LD ˆ12 
 vdcD ˆ12 
V dcdˆ2 L
Rc
C Rvˆ0
i Lˆ
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CHAPTER 3 
3.1 Control Strategy for 1-Φ Inverter 
 A control scheme is to be employed to make the output voltage of the inverter 
to be sinusoidal and hence to reduce THD in it. In this project an ACC [7] has been 
implemented to control the inductor current and PI controller or Resonant controller for 
controlling output voltage. 
3.1.A Proportional Resonant (PR) controller 
In order to alleviate the short comings associated with conventional PI controller a 
novel controller proportional resonant controller [PR] is introduced recently. The 
shortcomings of conventional PI controller are considerable steady-state errors in single-
phase systems and the need for synchronous d–q transformation [17] in three-phase systems. 
PR control theory used in filters which is used for generating the harmonic command 
reference in an active power filter, especially for single-phase systems, where d–q 
transformation theory is not directly applicable. Another advantage associated with the PR 
controllers and filters is the possibility of implementing selective harmonic compensation 
without requiring excessive computational resources. Besides the above advantages the 
superior performance of PR controller in tracking sinusoidal waveforms is the one which 
made it quite familiar among researchers. However, according to Internal Model Control 
Principle [19] the value of resonant frequency is necessitated inside the control model. For 
the design of PR controller the nominal value of grid frequency and its multiple values are 
used but when the grid frequency experiences fluctuations, the performance of PR controller 
deteriorates.  
 PR controllers are equivalent to conventional PI controller implemented in two 
synchronous rotating frames (positive sequence and negative sequence) and hence able to 
track sinusoidal references with variable frequency of both positive and negative sequences 
with zero steady state error. The transfer function of PR controller can be derived by using 
internal control model with modified state transformation or frequency domain approach. 
[21] 
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As d-q transformation can‟t be applied to single phase system directly, a new method 
is adopted by multiplying sine and cosine functions resulting from phase locked loop with the 
feedback error signal e(t) as shown in Fig. 3.1.  
 
Fig. 3.1 Single phase equivalent presentation of PR controller 
This achieves the same effect of transforming the component at chosen frequency to dc 
quantity leaving others to ac quantities.  
Let‟s assume the feedback error signal contains fundamental component along with fifth 
harmonic component which is expressed by equation (3.1) 
                                                                                                   (3.1) 
Where ω, Φ1, Φ5 are the fundamental angular frequency, fundamental and fifth harmonic 
phase shifts respectively.  
Multiplying equation (3.1) by sin(ωt) and cos(ωt) respectively equations (3.2) and (3.3) are 
derived  
             
  
 
{                   } 
                                                                     
  
 
{                       }                (3.2)  
             
  
 
{                    } 
                                                                     
  
 
{                        }              (3.3) 
 te  ty
 tcos
 tsin
)(sGd
)(sGd
)(sGa
13 
 
From equations (3.2) and (3.3) it is observed that the fundamental component of feedback 
error signal is a constant as it is a function of phase shift Φ1 only. The only complication with 
this equivalent single-phase conversion is that the chosen frequency component not only 
appears as a dc quantity in the synchronous frame, it also contributes to harmonic terms at a 
frequency of 2ω, unlike three phase synchronous d–q conversion. However, passing 
equations (3.2) & (3.3) through integral blocks would still force the fundamental error 
amplitude E1 to zero, caused by the infinite gain of the integral blocks. 
 Instead of transforming the feedback error to the equivalent synchronous frame for 
processing, an alternative approach of transforming the controller Gd(s) from the synchronous 
to the stationary frame is also possible. The ac quantity which includes the dc controller Gd(s) 
can be expressed by equation (3.4) after taking positive and negative sequence components 
into consideration. 
                                                                                                       (3.4)  
Where       is the equivalent stationary frame transfer function. 
For ideal integrator       
  
 
 and by substituting in equation (3.4)       can be derived as 
follows 
      
    
    
 
    
     
                                                                                                            (3.5) 
For non-ideal integrator       
  
  
 
  
   and by substituting in equation (3.4)       can be 
derived as follows 
      
    
    
 
      
          
                                                                                                   (3.6) 
Where Ki and ωc are the integral controller gain and cut-off frequency respectively.   
Equation (3.5) when grouped with a proportional term Kp gives the ideal PR controller with 
an infinite gain at the ac frequency ω (Fig.3.2), and no phase shift and gain at other 
frequencies. For Kp, it is tuned in the same way as for a PI controller, and it basically 
determines the dynamics of the system in terms of bandwidth, phase and gain margin. To 
avoid instability associated with an infinite gain, (3.6) can be used instead of (3.5) to give a 
non-ideal PR controller and, as illustrated in Fig. 3.3, its gain is now finite, but still relatively 
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high for enforcing small steady-state error. Another feature of (3.6) is that, unlike (3.5), its 
bandwidth can be widened by setting ωc appropriately, which can be helpful for reducing 
sensitivity towards slight frequency variation in a typical utility grid, Ki can be tuned for 
shifting the magnitude response vertically, but has no significant effect on bandwidth. 
 Besides single frequency compensation, selective harmonic compensation can also be 
achieved by cascading several resonant blocks tuned to resonate at the desired low-order 
harmonic frequencies to be compensated for. The equations (3.5) and (3.6) can be rewritten 
for employing PR controller as selective harmonic elimination which is given in equations 
(3.7) and (3.8) respectively. 
      ∑
     
     
                                                                                                                (3.7) 
      ∑
       
          
                                                                                                       (3.8) 
Where h is the harmonic order to be compensated for and Kih represents the individual 
resonant gain, which is to be tuned relatively high (but within stability limit) for minimising 
the steady-state error. An interesting feature of the PR controller as harmonic eliminator is 
that it does not affect the dynamics of the fundamental PR controller, as it compensates only 
for frequencies that are very close to the selected resonant frequencies. 
 
Fig. 3.2 Bode plots of ideal PR controller with Ki=20, ω=314 rad/sec 
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Fig. 3.3 Bode plots of non-ideal PR controller 
with Ki=20, ω=314 rad/sec, ωc= 20 rad/sec 
Using a smaller ωc will make the filter more sensitive to frequency variations, lead to a 
slower transient response. 
3.1.1.A   Current Control Scheme 
 An ACC is having advantage over peak current controller of adding a high 
gain in forward control path and hence reduces the steady state error [7]. Here the inductor 
current has been averaged over a switching period.  nd digital implementation of the current 
controller introduces a sampling delay. This delay yields 1 0  phase lag at the half of 
switching frequency. So digital delay of one switching period is introduced in the current 
loop whose transfer function is given by Eq (3.9) based on Padde‟s expansion. 
      
  
   
 
 
     
 
  
  
   
 
 
     
 
  
                                                                                                             (3.9) 
As bipolar PWM [5] technique has been used to generate switching pulses for the inverter a 
gain Fm  is included in the current loop. The gain Fm is given by equation (3.10). 
   
 
              
                                                                                                              (3.10) 
Here Fm is taken as 1. The control loop of ACC is shown in Fig 3.4. 
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Fig.3.4 Control loop for ACC strategy 
 The reference value of inductor current is generated from the output of voltage 
control loop discussed in the next section. A current sensor is being used to sense inductor 
current and its gain Ri is considered for controller design. In this research work its value is 
taken as 0.2. The transfer function for the design of current loop is the ratio between duty 
cycle to output current (GiLd(s)) and is given by equation (3.11) which has been deduced 
from small signal model of inverter (Fig.2.4) by keeping    ̂     
        
    
    
                                                                                                                   (3.11) 
Where Z= load impedance is given by equation (3.12) 
  
          
           
                                                                                                                    (3.12) 
 
Fig.3.5 Bode plot of GiLd(s) 
As shown in the bode plot of GiLd(s) phase cross over frequency is 10kHz which gives flatter 
response to inductor current which is due to implementation of ACC. 
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 For the current loop a proportional and resonant controller has been chosen. An ideal 
resonant controller adds an infinity gain to the control loop so as to reduce the steady state 
error. But, practically it‟s not feasible. In this work it adds a finite but high gain value to the 
current loop which can be clearly observed from bode plot of current loop as depicted in 
Fig.3.6. 
 
Fig.3.6 Bode plot of current loop 
The transfer function of chosen proportional and resonant control is given by equation (3.13) 
         
     
          
                                                                                                    (3.13) 
For this application gain K1=100, bandwidth B1=2.π rad and the resonant angular frequency 
ω1=2.π.50 rad/sec. It can be observed from Fig.3.3 that at resonant frequency (i.e 50Hz) a 
high gain is being added to loop and there is a phase drop simultaneously. The current loop is 
having phase margin of  0 and gain cross over frequency is 1.9 kHz. The value of Kp has 
been chosen as 0.3859. 
3.1.1.B   Voltage Control Scheme 
 The voltage controller is meant for controlling the output voltage of the inverter and it 
generates reference current for the current controller (ACC). In this research work two types 
of controllers for voltage control have been implemented and compared. The bode plot of 
voltage control loop is given in Fig.3.7. 
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Fig.3.7 Bode plot of        
The control to output voltage transfer function is considered for designing a controller given 
by equation (3.14).  
       
 ̂ 
  ̂
                                                                                                                          (3.14) 
3.1.1.B.1  PI Voltage Controller 
 The PI controller produces a system response with minimized steady state error in the 
output. The integral action reduces the error produced by the proportional action. The control 
scheme of the inverter including voltage control is given in Fig.3.8. Like current sensor, a 
voltage sensor of gain β is used to sense the output voltage of inverter. In this work the gain 
of the voltage sensor is assumed as 0.006. 
 
Fig.3.8. ACC with PI controller 
The value of the gain of the PI controller has been derived from the step response of 
the plant transfer function and is given by equation (3.15) and the bode plot of voltage loop 
with PI controller is given in the Fig.3.9. 
              
      
 
                                                                                                    (3.15) 
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Fig.3.9 Bode plot of voltage loop with PI controller 
The transfer function of the voltage loop with PI controller is given by equation (3.16) 
which has been deduced from Fig.3.8. From Fig 3.8 it was found that the gain cross over 
frequency of the voltage loop is  0 Hz and the phase margin is  1 . 
                                                                                                                       (3.16) 
3.1.1.B.2  Resonant Voltage Controller 
 In this work a proportional and resonant controller was implemented along with ACC 
so as to reduce THD in grid voltage. This controller is meant for improving the reference 
tracking and the attenuation of multiple fundamental spectral components. The transfer 
function of the proportional and resonant controller is given by equation (3.17). 
             ∑
      
          
 
 
                                                                                        (3.17) 
Where h= odd no. 
Kh=gain of h
th
 harmonic 
Bh= bandwidth of h
th 
harmonic 
Kp= gain of the proportional controller and in this case 0.26. 
The control structure is illustrated in the Fig.3.10, where a proportional controller has 
been implemented with resonant controller. In this work resonator for harmonics up to 9
th 
have been considered which helps in reducing those dominant lower order harmonics. 
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Fig.3.10 ACC with P+Resonant controller 
The values of the gains of odd harmonics and their bandwidths have been given in the     
Table 3.1 [14]. 
 
Table 3.1 
Resonant Controller Parameters 
Harmonic order Gains Bandwidth 
1 28 π 
3 12 3π 
5 8 5π 
7 6  π 
9 4  π 
    
From the bode plot of voltage loop with proportion and resonant controller as shown 
in Fig.3.11 it can be observed that the phase is zero at the harmonic frequencies, this means 
that the controller has a resistive behavior. The decreasing value at high frequencies allows a 
reduction in the harmonic voltage and hence reduction in voltage THD. 
21 
 
 
Fig.3.11 Bode plot of voltage loop with P+ Resonant controller 
                                                                                                                          (3.18) 
The bode plot was obtained from equation (3.18) and Fig.3.10. From the bode plot, the gain 
cross over frequency is found to be 10 kHz and the phase margin is  0 . The system 
parameters of the concerned 1-Φ inverter are given in Table.3.2. 
 
Table 3.2 
System Parameters (1-Φ) 
SL. No. Parameters Values 
1. Dc link voltage (Vdc) 400 V 
2. Inverter Output Voltage(V0) 230 Vrms 
3. Inverter Output Frequency(f) 50 Hz 
4. Filter Inductance(L) 5.46 mH 
5. Filter Capacitance(C) 4.7 µF 
6. Damping Resistance(Rc) 5 Ω 
7. Inverter Switching 
Frequency(fs) 
16 kHz 
8. Load Resistance(RLoad) 17.16 Ω 
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CHAPTER 4 
4.1 Modelling of 3-Φ VSI 
  Three phase VSIs are used to interface between dc and ac systems in distributed 
power generation system. Different control techniques have been applied to the three phase 
grid connected VSI for the control of active and reactive power along with constant dc link 
voltage. However, designing a controller with help of a small signal model is a well-known 
practice in dc-dc converter. Transfer functions of the control variables need to be identified 
for designing a control system. The transfer functions are deduced using averaged switched 
modeling technique. In modern days power electronics converters are widely employed in all 
the applications. As the switches are involved in these applications, non-linearity occurs in 
the system. So the power stage must be linearized in order to design a linear feed-back 
control. In this work a three phase grid connected VSI with LC filter has been considered for 
modeling. As it is quite difficult to design a controller in case of three phase ac system, so 
first three phase ac system (abc) is transformed into synchronous rotating reference frame 
(dq) and the transformation is known as Park‟s transformation [17]. The resulting model from 
the corresponding transformation is known as large signal model which involves dc quantities 
due to the transformation to the rotating reference frame. 
 The modeling of inverter involves two stages namely power stages modeling which is 
said to be large signal modeling and small signal modeling. 
4.1.1. Power Stage Model  
  In power stage of model the power circuit, second order LC filter, grid and 
corresponding parameters are transformed in to synchronous rotating reference frame. 
 
Fig.4.1 Schematic diagram of three phase grid connected VSI with LC filter 
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In Fig.4.1 three phase VSI is connected to the grid through a LC filter. VAi,,VBi ,VCi 
are the voltages at the inverter output and VAg ,VBg, VCg are the voltages at the grid end. By 
applying voltage balance equation 
 [
   
   
   
]   
 
  
[
  
  
  
]  [
   
   
   
]                                                                                                 (4.1) 
where L= inductance with negligible resistance.  
By transforming the equation (4.1) into synchronous reference frame as given in Appendix A 
the following equation (4.2) is obtained. 
 [
   
   
]   
 
  
[
  
  
]  [
   
   
]    [
   
  
]                                                                              (4.2) 
As the inverter output voltage is a function of dc link voltage, the inverter dq-voltages are 
expressed as follows 
[
   
   
]  [
  
  
]                                                                                                                       (4.3) 
&     [    ] [
  
  
]                                                                                                           (4.4) 
Where Vdc is dc link voltage applied to the inverter and dd and dq are the duty cycles 
corresponding to the d- and q-axes respectively. By substituting value of equation (4.3) in 
equation (4.2), equations (4.5) and (4.6) are obtained 
        
   
  
                                                                                                        (4.5) 
        
   
  
                                                                                                        (4.6) 
The compensating terms appearing in the equations (4.5) and (4.6) are due to the mutual 
inductance effect. From the above equations power stage model can be deduced and the 
corresponding model is depicted in Fig.4.2. 
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Fig.4.2 Power stage model of three phase grid connected VSI 
In Fig.4.2 Rc is the damping resistor used to damp out the oscillations occurring due to the 
resonance resulted from LC filter. The values of L, C (filter capacitance) and damping 
resistor Rc have been referred from [14]. Power stage model is helpful in getting a dc 
operating point so as to design a controller for it. Z is the output impedance given by equation 
(4.7) 
  √(  
  (
 
  
)
 
)                                                                                                           (4.7) 
 
4.1.2 Small Signal Model  
 The small signal model is then derived from the power stage model similar to 1-Φ 
inverter modeling by giving a perturbation and then linearizing around an operating point for 
stable and fast response. 
An operating point is defined as follows; 
Dc supply voltage= Vdc 
d-axis duty cycle= Dd 
q-axis duty cycle= Dq 
d-axis current     = Id 
L
L
V dc
i
id dd id qq Vd dcd
iqL
V dg
Rc
C
Rc
C
id
iq idL
Vd dcq V qg
Z
V qg
Z
V dg
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q-axis current     = Iq 
d-axis grid voltage= Vdg 
q-axis grid voltage= Vqg  
For deriving small signal model a perturbation is given around the operating point 
which is given as follows 
           ̂ 
        ̂ 
        ̂ 
        ̂ 
        ̂ 
           ̂ 
           ̂ 
In the above new operating point, parameters with „ᴧ‟ are the small perturbed variables. By 
adapting these perturbations in equations (4.3), (4.4), (4.5) & (4.6) and neglecting the steady 
and non-linear terms, equations (4.8), (4.9) and (4.10) can be obtained 
 
   ̂
  
    ̂       ̂    ̂                                                                                        (4.8) 
 
    ̂
  
   ̂  
   ̂
 
                                                                                                                  (4.9) 
 ̂      ̂      ̂    ̂     ̂                                                                                           (4.10) 
Based on the above three equations small signal model of grid connected inverter has been 
derived and shown in Fig.4.3. 
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Fig.4.3 Small signal model of three phase grid connected VSI 
In the modeled 3-Φ VSI small signal current  ̂ is drawn by VSI from the source    ̂which is a 
function of control signal and its variations and hence it is shown as a dependent source. Due 
to transformation to synchronous rotating frame (dq) two dependent circuits have been 
resulted. Both circuits are still cross coupled with each other due to the effect of mutual 
induction. For the simplicity it is assumed that grid voltage is oriented along d-axis and hence 
   ̂ is considered to be zero. 
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CHAPTER 5 
5.1 Transfer Functions and Bode Plots 
 The small signal model illustrated in Fig.4.3 is then used to extract open loop transfer 
functions. The transfer functions of interest are 1. Control function to the filter inductor 
currents 2.Control function to the grid voltages. 
 For simplification in deriving transfer functions the grid voltage is oriented along d-
axis. So Vdg is of constant amplitude as grid voltage is having constant amplitude and Vqg =0. 
From Fig.4.3 concerned transfer functions are derived in frequency domain and are explained 
as follows  
5.1.1 Control to d-axis Current Transfer Function: 
 This transfer function is obtained from the derived small signal model by assuming 
   ̂     
  ̂
  ̂
 
   
    
                                                                                                                               (5.1) 
5.1.2   Control to Grid Voltage Transfer Function: 
 Similarly grid voltage transfer function is developed from the small signal model. 
   ̂
  ̂
 
    
    
                                                                                                                             (5.2) 
Bode plots of control to grid voltage transfer function and control to grid current transfer 
function is given in Fig.5.1 and Fig.5.2 respectively. 
 
Fig.5.1 Control to grid voltage transfer function bode plot 
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As LC filter is incorporated between the inverter and grid, it is prone to occurrence of 
resonance [18]. The resonant frequency is given as follows 
   
 
√  
                                                                                                                               (5.3) 
In this work resonant frequency f0 is 993Hz by considering the values of L and C from given 
in Table.5.1. In Fig.5.1 resonance can be observed i.e at the frequency of   3 Hz there is a 
phase drop of 45 and at the same time there is a peak in the magnitude plot. However, a 
suitable damping resistor Rc is used for damping out the oscillations at resonant peak. 
 
Fig.5.2 Control to grid voltage transfer function bode plot 
From Fig.5.2 the phase margin is 80 degree which confirms the stability of the system. The 
phase cross over frequency is 100Hz and the gain cross over frequency is 10.4 kHz. 
Table.5.1 
System Parameters (3-Φ) 
SL. No. Parameters Values 
1. Dc link voltage (Vdc) 600 Volt 
2. Inverter output frequency (f) 50Hz 
3. Filter inductance (L) 5.46 mH 
4. Filter capacitance(C) 4.7 µF 
5. Damping resistance(Rc) 5 Ω 
6. Dc link capacitance  1800 µF 
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5.2 Control Strategy for 3-Φ Inverter 
 The main purpose of control strategy of 3-Φ grid connected inverter is to control the 
active and reactive power flow independently. Control variable id is used for active power 
control and iq is used for reactive power control. A control strategy is developed by using 
equation (4.8). The control algorithm is depicted in Fig.5.3. 
 
Fig.5.3 Control structure of 3-Φ grid connected VSI 
 For the transient study and to design a control strategy for controlling the active and 
reactive power independently transformation of three phase system (abc) to synchronous 
rotating reference frame is preferred.  
      Let‟s consider the system after the application of Park‟s transformation [1 ] and 
Vd = d-axis voltage 
Vq= q-axis voltage 
Id= d-axis current 
Iq= q-axis current 
P= active power  
Q= reactive power 
S= apparent power  
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As d-axis and q-axis are of 90 deg phase difference with each other the voltage and current 
can be expressed as depicted in equation (5.4) and (5.5) 
Vdq= Vd+jVq                                                                                                                          (5.4) 
Idq= Id+jIq                                                                                                                              (5.5) 
It is well known the apparent power S=    
                                                                       (5.6) 
By substituting values of Vdq and Idq from equations (5.4) and (5.5) in equation (5.6), 
equation (5.7) is derived  
S= (VdId+VqIq)+j(VqId-VdIq)                                                                                                 (5.7) 
According to PCC voltage orientation frame Vd is assumed as the maximum value of grid 
voltage and Vq=0. By substituting this condition in equation (5.7) active power and reactive 
power are derived as follows 
P= VdId                                                                                                                                 (5.8) 
&  Q= -VdIq                                                                                                                          (5.9) 
The negative sign in the reactive power signifies that it can flow in either direction i.e from 
inverter to grid and vice versa.  For the control algorithm the d-axis reference current is 
generated from equation (5.8) and also it can be generated from the dc-link voltage error and 
the q-axis reference current is generated from equation (5.9). So in other words control of d-
axis current (Id) is done for active power control and that of q-axis (Iq) for reactive power 
control.  
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CHAPTER 6 
6.1 Results and Discussions 
6.1.1 1-Φ Inverter 
 The simulation was carried out based on system parameters given in Table.3.2 in 
MATLAB/Simulink environment. In this part output voltage and current waveforms of 
inverter have been shown. For nonlinear load a full wave rectifier with capacitive filter of 
3 0µF and a resistance of 50Ω have been used.  ll the simulations were performed in 
isolated mode. Then THD of output voltage was calculated by FFT analysis and the obtained 
results are compared. 
6.1.1.A  With PI Voltage Controller 
 
Fig.6.1 Output voltage (V0) waveform of inverter (linear load) 
 
Fig.6.2 Output voltage (i0) waveform of inverter (linear load) 
Here for linear load a resistance of 17.16 ohm is connected across inverter output. As the 
input dc supply is of 400 volt, an AC voltage of peak value 400volt is obtained across output. 
The corresponding load limit is 23.31 ampere is opted as load current. Though output 
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waveforms are approaching sinusoidal, yet output voltage contains some higher order 
harmonics. Corresponding harmonic spectrum of output voltage is shown in Fig 6.3 and it 
found that the THD of V0 is 2.81%. 
 
Fig.6.3 THD of output voltage for linear load 
 
Fig. 6.4 Output voltage (V0) waveform of inverter (non-linear load) 
 
Fig. 6.5 Output voltage (i0) waveform of inverter (non-linear load)  
For a non-linear load a rectifier load is considered. As the rectifier uses switching devices, 
hence generates harmonics and then injects to source. Hence output voltage as well as output 
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current is containing harmonics. As a result they are not sinusoidal which is expected to be 
so. When output voltage was analyzed through FFT the THD was found to be 15.08% given 
in Fig.6.6. 
 
Fig.6.6 THD of output voltage for non-linear load 
6.1.1.B  With P+Resonant Voltage Controller 
 
Fig.6.7 Output voltage (V0) waveform of inverter (linear load) 
 
Fig.6.8 Output voltage (i0) waveform of inverter (linear load) 
As resonant controller is based on principle of resonance, it outperforms the PI controller. In 
Fig 6.7 & 6.8 output voltage and current are nearly sinusoidal. Its FFT analysis gives the 
THD of 0.69% given in Fig.6.9. 
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Fig.6.9 THD of output voltage for linear load 
 
Fig.6.10 Output voltage (V0) waveform of inverter (non-linear load) 
 
Fig.6.11 Output voltage (V0) waveform of inverter (non-linear load) 
When this resonant controller along with ACC is implemented in case of nonlinear 
load it shows better performance than PI controller. FFT analysis of output voltage gives 
THD of 7.53% given in Fig.6.12. 
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Fig.6.12 THD of output voltage for non-linear load 
6.1.1.C. . Comparison of THD% 
  
Sl.No. Controller Linear load Nonlinear load 
1. PI 2.81% 15.03% 
2. P+Resonant 0.69% 7.53% 
 
6.1.2. 3-Φ Inverter 
 Based on the deduced transfer functions the step responses of the voltage and current 
controller of the three phase grid connected inverter are plotted in the MATLAB/Simulink 
environment. 
1. Step response of dc link voltage controller 
 
 
Fig.6.13 Step response of dc link voltage controller 
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In the Fig.6.13 step response of the dc-link voltage controller is shown. As the dc-link voltage 
controller is a slower one its rise time is set at 0.059 second. Its settling time is 2.675 second 
and having a peak overshoot of 13.3%. 
2. Step response of inner current controller 
 
Fig.6.14.Step response of current controller 
In Fig.6.14 step response of the current compensator is shown. As the current 
controller is the faster one it‟s rise time is set to lesser than that of outer dc-link voltage 
controller. A control strategy is based on the goal of minimizing absolute error between the 
desired and the actual d-axis and q-axis currents through an adaptive tuning process. It is 
crucial to identify that fast current loop controller is necessary to assure highest power 
quality. 
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CHAPTER 7 
7.1   Conclusion and Future scope of work 
 In this thesis a small signal model of a 1-Φ inverter is derived and an  verage current 
controller was developed, further bode plots were plotted based on the transfer functions of 
the derived model. A comparison has been made for the THD% of output voltage with two 
different type of voltage controllers i.e PI and Resonant controller. From the obtained results 
it is concluded that P+Resonant controller gives less THD% in output voltage in case of both 
linear as well as non-linear load as compared to PI voltage controller. In addition to that 
observation feasibility of the study with theoretical results the modeling was extended to 
three phase grid connected inverter with LC filter. From the derived small signal model 
transfer functions were derived and bode plots were plotted to study stability. The effect of 
resonance was observed from the bode plot of control to output voltage transfer function. A 
control strategy was developed based on the model and its step responses were plotted. Based 
on the small signal model of three phase grid connected inverter controller can be developed 
in order to regulate active and reactive power during grid abnormalities.  
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Appendix A (abc to dq transformation) 
The transformation of three phases a-b-c is  first done to two phase stationary reference frame  
i.e α-β reference frame and then to d-q reference frame which rotates at synchronous speed. 
 
Fig. 1 Transformation of three phases to stationary α-β reference frame 
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Fig. 2 Transformation of three phases to stationary α-β reference frame 
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